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Abstract: 

The  triplet  specificities  and  required  strand  orientations  of  two  classes  of  DNA  triple 
helices  can  be  combined  to  target  double  helical  sequences  containing  all  four  base 
pairs  by  alternate  strand  triple  helix  formation.  This  allows  for  the  use  of 
oligonucleotides  containing  only  natural  3'-5'  phosphodiester  linkages  to 
simultaneously  bind  both  strands  of  double  helical  DNA  in  the  major  groove.  The 
stabilities  and  structures  of  these  alternate  strand  triple  helices  depend  on  whether 
the  binding  site  sequence  is  5’-(purine)m(pyrimidine)n-3’  or  5'- 
(pyrimidine)in(purine)n-3'.  The  sequence  type  5’-(purine)m(pyrimidine)n“3’  was 
targeted  with  an  oligonucleotide  consisting  of  a  pyrimidine  domain  and  a  purine 
domain  linked  by  a  3'-5'  phosphodiester.  To  bind  the  duplex  sequence  type  5’- 
(pyrimidine)m(purine)n-3',  the  third  strand  requires  at  least  two  nucleotides  linking 
binding  domains  at  the  site  of  crossover  in  the  major  groove.  Since  both  of  these 
sequence  types  have  been  successfully  targeted,  a  new  class  of  oligonucleotides 
capable  of  binding  a  variety  of  duplex  sequences  by  multiple  crossovers  in  the  major 
groove  may  now  be  possible. 


*To  whom  correspondence  should  be  addressed 


Introduction 


Oligonucleotide-directed  triple  helix  formation  is  one  of  the  most  versatile 
among  the  methods  for  the  sequence  specific  recognition  of  double  helical  DNA.'-4 
This  approach  has  recently  been  used  to  mediate  single  site  specific  cleavage  of 
human  chromosomal  as  well  as  to  block  transcription  in  vitroA^'^^  The 

generalizability  to  target  a  broad  range  of  DNA  sequences  and  the  high  stabilities  of 
the  resulting  local  triple  helical  structures  makes  this  a  powerful  technique  for 
binding  single  sites  within  large  segments  of  double  helical  DNA. 

At  least  two  classes  of  DNA  triple  helices  exist  which  differ  in  the  sequence 
composition  of  the  third  strand,  the  relative  orientations  and  postitions  of  the  three 
strands  and  the  base  triplet  interactions.'"^  Pyrimidine  oligonucleotides  bind  in  the 
major  groove  specifically  to  purine  tracts  of  double  helical  DNA  parallel  to  the 
Watson-Crick  (WC)  purine  strand.  Specificity  is  derived  from  thymine  (T) 
recognition  of  adenine-thymine  base  pairs  {T»AT  base  triplets)  and  protonated 
cytosine  (C+)  recognition  of  guanine-cytosine  base  pairs  (C+GC  base  triplets).''2,4a-e 
Within  this  structural  motif,  guanine  (G)  has  been  shown  to  recognize  certain 
thymine-adenine  base  pairs  depending  on  the  flanking  sequence  (G*TA  base 
triplets). An  additional  family  of  triple  helical  structures  consists  of  purine-rich 
oligonucleotides  bound  in  the  major  groove  to  purine  tracts  of  double  helical  DNA 
antiparallel  to  the  WC  purine  strand.^'^'  Sequence  specificity  is  derived  from  G 
recogonition  of  GC  base  pairs  (G«GC  base  triplets)  and  adenine  (A)  recognition  of  AT 
base  pairs  (A»AT  base  triplets).  Within  this  structural  motif,  T  has  been  shown  to 


recognize  AT  base  pairs  (reverse  Hoogsteen  T*AT  base  triplets). 

In  these  two  triple  helical  structures,  sequence  specific  binding  occurs  by  the 
formation  of  hydrogen  bonds  between  bases  in  the  third  strand  and  duplex  base 
pairs,  predominantly  at  the  purines  of  the  base  pairs.  Oligonucleotides  designed  to 
bind  to  purine  target  sequences  allow  for  hydrogen  bonding  to  the  purines  in 
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consecutive  base  pairs  without  signific^t  distortion  of  the  sugar  phosphate 
backbone,  maximizing  stability  by  allowing  stacking  of  bases  in  the  third  strand. 
Therefore,  oligonucleotide  directed  triple  helix  formation  appears  to  be  limited  to 
mostly  purine  tracts.  A  formidable  challenge  in  the  sequence  specific  recognition  of 
duplex  DNA  by  triple  helix  formation  is  designing  oligonucleotides  capable  of 
binding  mixed  purine/ pyrimidine  sequences.  In  this  work,  we  show  that  the 
specificities  of  two  classes  of  DNA  triple  helices  can  be  used  in  tandem  to  target 
mixed  sequences  of  duplex  DNA  by  alternate  strand  triple  helix  formation. 

Results  and  Discussion 

Alternate  Strand  Triple  Helix  Formation  Recently,  it  has  been  shown  that 
pyrimidine  oligonucleotide-directed  triple  helix  formation  can  be  extended  to  target 
mixed  DNA  sequences  of  the  type  5'-(Pu)in(Py)n”3'  and  5'-(Py)m(Pu)n-3’  by 
simultaneous  binding  to  adjacent  piirine  tracts  on  alternate  strands  of  the  WC 
duplex.5  To  preserve  the  required  strand  orientation,  pyrimidine  oligonucleotides 
were  linked  3'  to  3'  or  5'  to  5'.  However,  since  in  the  two  triple  helix  motifs,  the 
third  strands  bind  in  opposite  orientations  with  respect  to  the  purine  strand  of  the 
duplex,  it  seems  plausible  that  an  oligonucleotide  consisting  of  pyrinudines  and 
purines  with  natural  3'-5'  phosphodiesters  might  bind  in  the  major  groove  and 
simultaneously  recognize  both  strands.  Base  triplet  specificities  and  required  strand 
orientations  would  be  maintained  by  alternating  between  structural  motifs  at 
junctions  between  purines  and  pyrimidines  on  one  strand  of  the  duplex. (Figure  1) 
The  base  triplets  of  such  a  structure  are  shown  in  Figure  2,  where  thymidine  and  5- 
methyldeoxycytidine  are  bound  to  one  strand  of  the  duplex  and  deoxyadenosine, 
deoxyguanosine  and  thymidine  to  the  other. 
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The  two  duplex  sequences  shown  in  Figures  3  and  8  were  prepared,  each 
containing  18  bp  binding  sites  composed  of  two  adjacent  nine  bp  half  sites  on 
alternate  strands  capable  of  being  bound  in  a  triple  helical  sense  by  either  pyrimidine 
or  purine  oligonucleotides.  The  sequence  content  is  identical  in  both  binding  sites, 
however  they  are  opposite  in  polarity  such  that  the  two  sequence  types  5'- 
(Pu)m(Py)n-3'  and  5'-(Py)m(Pu)n-3’  can  be  compared.  Modelling  of  these  two 
sequences  suggests  that  the  adjacent  triple  helix  binding  sites  are  in  different  relative 
positions  in  space.  Therefore,  designing  triple  helix  forming  oligonucleotides  to 
bind  to  these  two  sequence  types  will  likely  require  different  structures  at  the 
junction  where  the  transition  from  one  motif  to  the  other  takes  place. 

The  5'-(Pu)ni(Py)n-3  sequence  The  potential  binding  site,  5'-AAGAAAAAGCTC 
CTCCCT-3',  shown  in  Figure  3,  consists  of  two  adjacent  nine  bp  purine  tracts  on 
alternate  strands  with  a  5'-GC-3'  junction.  Oligonucleotides  1-5  were  designed  to 
bind  this  sequence  by  the  formation  of  a  pyr«pur*pyr  triple  helix  at  the  5’  half  site 
and/or  a  pur«pur«pyr  triple  helix  at  the  3’  half  site.  Oligonucleotides  1-4  were 
modified  with  thymidine-EDTA  so  that  the  affinity  cleaving  method  could  be  used 
to  monitor  their  binding  properties.^ 

Under  conditions  in  which  very  little  binding  is  detected  for  the  nine-mer 
controls,  3  and  4,  alone  or  in  combination,  both  termini  of  the  18-mer 
oligonucleotide  are  bound  to  the  duplex  as  indicated  by  cleavage  generated  by  5' 
thymidine-EDTA  in  1  and  3'  thymidine-EDTA  in  2.(Figure  4)  In  data  not  shown,  a 
16  mer  oligonucleotide  lacking  the  center  two  nucleotides  cleaves  the  target  equally 
as  efficiently  as  1. 

DNase  I  footprinting  was  used  to  confirm  the  binding  site  size  for  5,  identical 
in  sequence  to  1  and  2,  lacking  thymidine-EDTA.  (Figure  5)  As  expected  from  the 
affinity  cleaving  results,  5  protects  both  strands  of  the  duplex  from  cleavage  by 
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DNase  I  over  a  region  of  approximately  25  base  pairs  centered  around  the  proposed 
binding  site.  DNase  I  footprint  titrations  with  5  yielded  an  association  constant  Ka= 
5.7±  1.4  X  10^  M;^  (pH=7.0, 1.5  mM  spermine,  5  mM  NaCl,  10  mM  MgCl2, 10  mM 
CaCh)  corresponding  to  a  binding  free  energy  AGb  =  -9.2±  0.1  kcal/mol.^ 

The  reactivity  of  dimethylsulfate  (DMS)  can  be  used  to  determine  the 
accessibility  of  the  N-7  position  of  guanine,^  which  is  involved  in  both  the  Mec+cc 
and  CG  •G  base  triplets.(See  Figure  2)  Formation  of  these  triplets  should  protect  the 
guanines  in  the  duplex  from  methylation  by  DMS.  In  the  presence  of  10  pM  5,  all 
the  guanines  in  the  binding  site  are  fully  protected  from  methylation  except  the  two 
at  the  junction,  which  are  only  marginally  protected.  (Figure  6) 

The  results  of  these  experiments  are  summarized  in  Figure  7.  These  data 
show  that  this  duplex  sequence  can  be  targeted  for  alternate  strand  triple  helix 
formation  by  linking  binding  domains  with  a  3'-5'  phosphodiester.  However,  the 
two  bases  in  the  center  of  the  third  strand  apparently  do  not  stabilize  the  structiire  to 
a  great  extent  and  DMS  footprinting  indicates  that  the  two  base  pairs  at  the  junction 
are  likely  not  involved  in  stable  base  triplets. 

The  5'-(Py)m(Pu)n-3’  sequence  The  target  site,  5’-TCCCTCCTCGAAAAAGAA-3', 
shown  in  Figure  8,  is  identical  in  sequence  content  to  that  shown  in  Figure  3,  but 
opposite  in  polarity.  Therefore,  the  two  adjacent  nine-mer  purine  tracts  on  alternate 
strands  are  joined  at  a  5’-CG-3'  jimction.  Oligonucleotides  6-12  were  designed  to 
bind  the  target  by  the  formation  of  a  pur«pur»pyr  triple  helix  at  the  5'  half  site 
and/or  a  pyr»pur»pyr  triple  helix  at  the  3’  half  site. 

In  this  case,  when  the  two  nine-mers  are  linked  by  a  phosphodiester,  there  is 
no  significant  increase  in  binding  affinity,  as  evidenced  by  comparison  of  the 
cleavage  efficiency  for  6  with  that  for  10  plus  ll.(Figure  9,  lanes  5  and  6)  However, 
when  the  oligonucleotide  contains  two  thymidines  between  the  purine  and 
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pyrimidine  domains  as  in  8  and  9,  bo^  termini  are  bound  to  the  duplex  ^(Figure  9, 
lanes  8  and  9)  One  thymidine  is  not  sufficient,  as  shown  by  the  low  cleavage 
efficiency  of  7.(Figure  9,  lane  7)  Oligonucleotide  12,  which  contains  the  two 
thymidine  linker  but  lacks  thymidine-EDTA  was  used  for  footprinting  studies.  In 
the  presence  of  10  pM  12,  both  strands  of  the  duplex  are  protected  from  DNase  I 
degradation  in  the  region  corresponding  to  the  putative  binding  site.  (Figure  10) 
DNase  I  footprint  titrations  yielded  an  association  constant  Ka=  1.5±  0.4  x  lO^ 
(pH=7.0, 1.5  mM  spermine,  5  mM  NaCl,  10  mM  MgCl2/ 10  mM  CaCl2)  corresponding 
to  a  binding  free  energy  AGb  =  -8.4  ±  0.2  kcal/mol.  DMS  footprinting  studies  on  this 
structure  show  that  all  the  guanines  in  the  binding  site  are  protected  equally  from 
methylation.  (data  not  shown) 

The  footprinting  reagent  MPE«Fe  was  used  to  investigate  the  triplex  formed 
by  12  at  the  5'-(Py)m(Pu)n-3'  target  site.^^fFigure  11)  In  addition  to  protection  from 
cleavage  within  the  binding  site,  a  region  of  increased  reactivity  at  the  center  of  the 
5’-(Py)m(Pu)n-3'  site  was  detected.  This  single  locus  of  hyperreactivity  suggests  a 
single  high  affinity  intercalation  site  at  the  junction.^  ^ 

A  summary  of  the  studies  for  this  duplex  target  is  given  in  Figure  12.  These 
results  show  that  targeting  the  5'-(Py)m(Pu)n-3’  sequence  requires  at  least  a  two 
nucleotide  linker  between  the  two  binding  domains.  This  is  in  contrast  to  the  5'- 
(Pu)m(Py)n-3'  sequence,  for  which  no  linker  nucleotides  were  necessary  and  in  fact 
the  two  nucleotides  at  the  center  likely  do  not  form  base  triplets.  The  triplex  formed 
at  the  5'-(Py)m(Pu)n-3'  site  is  less  stable,  with  an  associtation  constant  lower  by  a 
factor  of  four.  Also,  the  MPE«Fe  reactivity  pattern  for  this  structure  indicates  that 
the  base  pairs  near  the  site  of  crossover  between  strands  provide  an  unusually  stable 
binding  site  for  an  intercalator.  Interestingly,  Ono  et  al.  have  proposed  an  ethidium 
bromide  binding  site  at  the  center  of  the  sequence  5'-(Py)8(Pu)8-3'  when  bound  on 
alternate  strands  by  pyrimidine  oligonucleotides  linked  at  their  S'ends.^c 
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It  is  clear  that  the  stucture  and  stability  of  the  alternate  strand  triple  helix 
depends  on  whether  the  duplex  target  is  5'-(Pu)in(Py)n-3'  or  5'-(Py)nY(Pu)n-3'. 

Analysis  of  models  of  these  sequences  with  oligonucleotides  bound  to  adjacent 
binding  sites  may  explcdn  some  of  these  observations.  For  the  sequence  5’- 
(Pu)m(Py)n-3',  the  site  of  crossover  between  strands  is  located  where  adjacent  binding 
sites  overlap.(Figure  13,  left)  Therefore,  no  linker  between  binding  domains  besides 
a  phosphodiester  is  necessary  for  a  successful  crossover.  In  fact,  it  is  likely  that  the 
two  base  pairs  at  the  junction  are  not  specifically  recognized  in  base  triplets,  allowdng 
the  third  strand  to  maintain  helical  continuity  as  it  winds  along  the  major  groove. 

For  the  sequence  5'-(Py)m(Pu)n-3',  the  adjacent  binding  sites  do  not 
overlap.(Figure  13,  right)  A  linker  domain  is  necessary  for  successfully  crossing  the 
major  groove  in  this  fashion,  writh  a  minimum  length  determined  here  to  be  two 
nucleotide  residues.  Although  thymidines  were  used  for  this  purpose,  further 
optimization  of  the  linker  structure  may  still  be  possible.  Also,  the  unusual 
MPE«Fe  reactivity  at  the  center  of  this  triple  helix  may  indicate  that  the  duplex 
undergoes  conformational  reorganization  upon  binding  of  the  third  strand.  This 
might  involve  a  local  unwrinding  or  bending  at  the  center  of  this  alternate  strand 
triple  helical  structure,  creating  a  site  for  intercalation. 

Conclusion  By  combiiung  the  base  triplet  specificities  and  required  strand 
orientations  of  two  distinct  classes  of  DNA  triple  helices,  we  have  designed 
oligonucleotides  containing  natural  3'-5'  phosphodiester  linkages  which  bind  mixed 
sequences  of  duplex  DNA  by  alternate  strand  triple  helix  formation.  The  duplex 
sequence  type  5'-(Pu)m(Py)n-3'  was  targeted  by  linking  two  binding  domains  writh  a 
phosphodiester.  However  to  bind  the  duplex  sequence  type  5’-(Py)in(Pu)n-3',  the 
third  strand  requires  at  least  two  linker  nucleotides  at  the  site  of  crossover  in  the 
major  groove.  The  design  of  oligonucleotides  containing' both  pyrimidines  and 
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purines  and  all  natural  phosphodiester  linkages  capable  of  binding  a  variety  of 
sequence  types  by  multiple  crossovers  in  the  major  groove  may  now  be  possible. 


Experimental 

General.  Distilled,  deionized  water  was  used  for  all  aqueous  reactions  and  dilutions. 
Enzymes  were  purchased  from  Stratagene,  Boehringer-Mannheim  or  New  England 
Biolabs.  Enz)ane  reactions  were  performed  using  the  manufacturer's  recommended 
protocol  in  the  activity  buffer  provided.  pUC19  plasmid  DNA  was  purchased  from 
Sigma.  DNase  I  was  obtained  from  Stratagene  and  dilutions  were  made  in  the 
activity  buffer  recommended  by  the  manufacturer.  Deoxynucleoside  triphosphates 
were  purchased  from  Pharmacia  as  100  mM  solutioi\s.  5'“(a-32p)  dGTP  (>3000 
Ci/mmol)  and  5'-(Y-32p)ATP  (>5000  Ci/mmol)  were  obtained  from  Amersham. 
Competent  cells  were  purchased  from  Stratagene.  Transformation,  selection  and 
maintanence  of  cell  lines  were  accomplished  using  standard  procedures.'^  Calf 
thymus  DNA  was  purchased  from  Pharmacia.  Polyacrylamide  gel  electrophoresis 
was  performed  in  IXTBE  buffer. '2  5'  and  3'  end  labelling  was  accomplished  using 
standard  procedures.'^  Autoradiography  was  carried  out  using  Kodak  X-Omat  film. 

Synthesis  and  Purification  of  Oligonucleotides.  Oligonucleotides  were  prepared  on 
an  Applied  Biosystems  Model  380B  DNA  synthesizer  with  p-cyanoethyl 
phosphoramidites.  Thynudine-EDTA  was  prepared  as  described^  and  incorporated 
at  the  3'  end  of  oligonucleotides  via  the  5’-0-DMT-thymidine-EDTA-triethylester  3’- 
sucdnyl  controlled  pore  glass  or  at  the  5'  end  via  the  5'-ODMT-thymidine-EDTA- 
triethylester  3'-0-(2-cyanoethyl,N,N-diisopropyl)  phosphoramidite.  Deprotection 
was  carried  out  in  0.1  N  NaOH  at  55®  C  for  24  hours.  Oligonucleotides  were  purified 
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by  reverse  phase  chromatography  on  a  Pharmacia  FPLC  system  using  a  ProRPC 
10/10  (C2-C8)  column  with  a  0-40%  CH3CN  gradient  in  100  mM  triethylammonium 
acetate,  pH=7.  The  concentration  of  single-stranded  oligonucleotides  was 
determined  at  260  nm,  using  the  following  molar  extinction  coefficients  for  each 
base:  15400  (A),  11700  (G),  7300  (C),  5700  (MeSQ  8800  (T  and  T*)  cm-^M’^. 

Construction  of  Plasmid  DNA.  Using  T4  DNA  ligase,  the  plasmid  pPBCRI  was 
prepared  by  ligation  of  the  duplex  formed  between  oligonucleotides  of  the  sequence 
5'-AArrCTCTCTAAGAAAAAGCTCCTCCCTCTCTCT-3’  and  5*-CTAGAGAGAG 
AGGGAGGAGC  TTi  i  i  CTTAGAGAG-3’  into  pUC19,  which  had  been  previously 
digested  with  Eco  RI  and  Xba  I.  The  plasmid  pPBCRII  was  analogously  prepared 
from  insertion  of  the  duplex  formed  between  5-AATTCTCTCTTCCCTCCTCG 
AAAAAGAACTCTCT-3’  and  5’-CTAGAGAGAGTTCTmTCGAGGAGGGA 
AGAGAG-3'.  Ligation  products  were  used  to  transform  Epicurian^^  Coli  XL  1  Blue 
competent  cells.  Colonies  were  selected  for  a-complementation  on  25  mL  Luria- 
Bertani  medium  agar  plates  containing  50  p^g/mL  ampicillin  and  treated  with  XGAL 
and  IPTG  solutions.^^  Large  scale  plasmid  purification  was  performed  using  Qiagen 
purification  kits  according  to  the  manufacturer's  protocol.  Plasmid  DNA 
concentration  was  determined  at  260  nm  using  the  relation  1  OD  unit  =  50  pg/ mL 
duplex  DNA. 

Generation  of  Labelled  Duplex  DNA.  Labelled  restriction  fragments  from  pPBCRI 
and  pPBCRn  were  generated  as  follows.  Plasmid  DNA  (20  ng)  was  linearized  with 
Hind  in  followed  either  by  calf  alkaline  phosphatase  treatment  and  5'  end  labelling 
by  T4  polynucleotide  kinase  with  y  aTP  or  3'  end  labelling  by  filling  in  with  the 
Klenow  fragment  of  DNA  polymerase  I  and  dATP,  dCTP,  dTTP  and  a-^^p  dGTP. 

The  labelled  plasmid  DNA  was  digested  with  Ssp  I  and  the  639  bp  Hindin/SspI 
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restriction  fragment  was  isolated  by  nondenaturing  5%  PAGE.  Gel  bands  were 
visualized  by  autoradiography,  cut  out  and  eluted  with  200  mM  NaCl.  The 
suspension  was  filtered  to  remove  polyacrylamide  and  the  DNA  was  purified  by 
ethanol  precipitation. 

Affinity  Qeaving.  In  a  typical  cleavage  experiment,  the  labelled  DNA  was  mixed 
with  salts,  buffer,  spermine,  and  the  oligonucleotide  EDTA»Fe(II).  This  solution 
was  incubated  for  one  hour  at  37®  C  before  the  cleavage  reaction  was  initiated  by  the 
addition  of  DTT  giving  a  final  volume  of  20  |i.L.  Cleavage  reactions  were  allowed  to 
proceed  for  18  hours  at  37®  C.  The  reactions  were  stopped  by  precipitation  with 
ethanol.  Electrophoretic  separation  of  the  cleavage  products  was  achieved  on  a 
denaturing  8%  polyacrylamide  gel.  The  gel  was  transferred  to  filter  paper  and  dried 
for  one  hour  at  80®  C.  Cleavage  products  were  visualized  by  autoradiography  and 
the  relative  amoimts  of  cleavage  products  were  analyzed  by  storage  phosphor 
autoradiography.  Specific  reaction  conditions  are  stated  in  the  figxure  legends. 

Storage  Phosphor  Autoradiography.  Storage  phospor  imaging  plates  (Kodak 
Storage  Phosphor  Screen  S0230  obtained  from  Molecular  Dynamics)  were  pressed 
flat  against  gel  samples  and  exposed  in  the  dark  for  12-17  hours.^^  A  Molecular 
Dynamics  400S  Phosphorlmager  was  used  to  obtain  all  data  from  the  storage  screens. 
The  data  were  analyzed  by  performing  volume  integrations  of  the  regions 
corresponding  to  intact  DNA,  the  target  site  and  reference  sites  using  the 
ImageQuant  v.  3.0  software  running  on  an  AST  Premium  386/33  computer. 

DNase  I  Footprinting.  In  a  typical  DNase  I  footprinting  experiment,  the  labelled 
DNA  was  mixed  with  salts,  buffer,  spermine,  and  the  oligonucleotide.  This  solution 
was  incubated  for  two  hours  at  24®  C  before  the  addition  of  nonspecific 
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oligonucleotide  and  DNase  I  giving  a,  final  volume  of  20  ^L.  The  nonspecific  single 
stranded  oligonucleotide  5'-ATCTGATGAGGTGCTGAATAGGACC  -3'  was  included 
in  all  DNase  I  footprinting  reactions  to  maintain  uniform  DNase  I  activity  in  the 
presence  and  absence  of  triple  helix  forming  oligonucleotides.  For  footprint 
titrations,  the  incubation  period  was  extended  to  24  hours  to  insure  samples 
containing  low  concentrations  of  triple  helix  forming  oligonucleotides  had  reached 
equilibrium.  The  DNase  I  reactions  were  allowed  to  proceed  for  10  minutes  at  24°C 
and  stopped  by  the  addition  of  calf  thymus  DNA  and  EDTA,  followed  by 
precipitation  with  ethanol.  Electrophoretic  separation  of  the  cleavage  products  was 
achieved  on  an  8%  polyacrylamide  gel.  The  gel  was  transferred  to  filter  paper  and 
dried  for  one  hour  at  80°  C.  DNase  I  cleavage  products  were  visualized  by 
autoradiography  and  analyzed  by  storage  phosphor  autoradiography  .  Specific 
reaction  conditions  are  stated  in  the  figure  legends.  Data  analysis  for  the  footprint 
titrations  was  performed  according  to  previously  described  methods.^  Curves  were 
fitted  to  the  experimental  data  using  KaleidaGraph  v.  2.1  (Abelbeck  Software) 
running  on  a  Macintosh  Ilfx  personal  computer,  with  the  upper  and  lower  end 
points  of  the  curve  and  Ka  as  adjustable  parameters.  The  association  constants  are 
reported  in  the  text  as  the  mean  ±  one  standard  deviation  for  three  experiments. 

Dimethylsulfate  Footprinting.  In  a  typical  DMS  footprinting  experiment,  the 
labelled  DNA  was  mixed  with  salts,  buffer,  spermine,  and  the  oligonucleotide.  This 
solution  was  incubated  for  two  hours  at  24°  C  before  the  addition  dimethylsulfate 
giving  a  final  volume  of  20  pL.  The  reactions  were  allowed  to  proceed  for  90 
seconds  at  24°C,  stopped  as  described  by  Maxam  and  Gilbert,  and  the  DNA  was 
precipitated  with  ethanol.^3  jhe  reaction  products  were  redissolved  in  10%  aqueous 
piperidine  and  heated  at  90°C  for  30  minutes.  The  solutions  were  lyophilized  to 
dryness.  Electrophoretic  separation  of  the  cleavage  products  was  achieved  on  an  8% 
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polyacrylamide  gel.  The  gel  was  transferred  to  filter  paper  and  dried  for  one  hour  at 
80°  C.  Cleavage  products  were  visualized  by  autoradiography  and  analyzed  by 
storage  phosphor  autoradiography.  Specific  reaction  conditions  are  stated  in  the 
figure  legends. 

MPE*Fe(II)  Footprinting.  In  a  typical  MPE*Fe(II)  footprinting  experiment,  the 
labelled  DNA  was  mixed  with  salts,  buffer,  spermine,  and  the  oligonucleotide.  This 
solution  was  incubated  for  two  hours  at  24°C  before  the  addition  of  MPE»Fe(n)  and 
DTT  to  a  final  volume  of  20  pL.  The  reactions  were  allowed  to  proceed  for  five 
minutes  at  24°  C  and  stopped  by  precipitation  with  ethanol.  Electrophoretic 
separation  of  the  cleavage  products  was  achieved  on  an  8%  polyacrylamide  gel.  The 
gel  was  transferred  to  filter  paper  and  dried  for  one  hour  at  80°  C.  Cleavage  products 
were  visualized  by  autoradiography  and  analyzed  by  storage  phosphor 
autoradiography.  Specific  reaction  conditions  are  stated  in  the  figure  legends. 
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Figure  Legends 

Figure  1  Models  representing  oligonucleotides  binding  in  the  major  groove 
and  simultaneously  recognizing  both  strands  of  the  duplex  by  forming 
hydrogen  bonds  to  the  purine  in  a  WC  base  pair.  Base  triplet  specificities  and 
required  strand  orientations  are  maintained  by  alternating  between  triple 
helix  motifs  at  junctions  between  purines  and  pyrimidines  on  one  strand  of 
the  duplex.  (Above)  Triple  helix  formed  at  a  5'-(Pu)m(Py)n-3'  target  site. 
(Below)  Triple  helix  formed  at  a  5'-(Py)in(Pu)n-3'  target  site. 

Figure  2  Models  for  base  triplets  formed  when  an  oligonucleotide  binds  in 
the  major  groove  and  simultaneously  recognizes  both  strands.  All  bases  are 
in  the  anti  conformation. 

Figure  3  The  duplex  target  site  present  on  the  639  bp  Hind  m/Ssp  I  restriction 
fragment  from  plasmid  pPBCRI  containing  two  nine-mer  purine  tracts  on 
alternate  strands  joined  at  a  5’-PuPy-3’  jvmction.  The  double  stranded  region 
bound  in  the  triple  helix  is  boxed.  The  sequences  of  oligonucleotide-EDTA's 
1-5  are  shown,  where  T*  indicates  the  position  of  thymidine-EDTA  and  bold 
type  C  indicates  5-methyldeoxycytidine. 
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Figtire  4  (Left)  Autoradiogram  of  an  8%  denaturing  polyacrylamide  gel  used 
to  separate  affinity  cleavage  products.  The  cleavage  reactions  were  carried  out 
by  combining  a  mixture  of  oligonucleotide-EDTA  (200  nM)  and 
Fe(NH4)2(S04)2*6H20  (500  nM)  with  the  3'  end  32p  labelled  Hind  in/Ssp  I 
restriction  fragment  from  plasmid  pPBCRI  [-15,000  cpm]  in  a  solution  of  tris 
acetate,  pH=7.0  (50  mM),  spermine  (1  mM),  NaCl  (10  mM),  and  calf  thymus 
DNA  (0.1  mM  bp),  and  then  incubating  for  one  hour  at  37®  C.  Concentrations 
listed  are  final  concentrations.  The  reactions  were  initiated  by  the  addition  of 
dithiothreitol  (DTT)  (4  mM)  and  allowed  to  proceed  for  18  hours  at  37®  C.  The 
DNA  was  precipitated  with  ethanol  and  the  cleavage  products  were  analyzed 
by  gel  electrophoresis.  (Lane  1)  Products  of  an  adenine-spedfic  sequencing 
reaction. ^5  (Lane  2)  Intact  3’  labelled  fragment  obtained  after  incubation 
under  the  conditions  of  the  cleavage  reactions  in  the  absence  of 
oligonucleotide-EDTA  •Fe(II).  (Lanes  3-7)  DNA  cleavage  products  produced 
by  oligonucleotide-EDTA  "Fed!)  1-4;  3  (lane  3);  4  (lane  4)  3+4(200  nM  each) 
(lane  5);  1  (lane  6);  2  (lane  7).  (Right)  Sequences  of  triple  helical  complexes 
formed  between  oligonucleotides  1  and  2  and  the  5'-(Pu)9(Py)9-3'  target  site. 

Figure  5  Autoradiogram  of  an  8%  denaturing  polyacrylamide  gel  used  to 
separate  DNase  I  footprinting  products.  The  cleavage  reactions  were  carried 
out  by  incubating  oligonucleotide  5  with  the  3’  end  or  5'  end  32p  labelled  Hind 
III/Ssp  I  restriction  fragment  from  plasmid  pPBCRI  [-20,000  cpm]  in  a 
solution  of  trisHCl,  pH=7.0  (40  mM),  spermine  (1.5  mM),  NaCl  (5  mM),  MgCl2 
(10  mM),  CaCl2  (10  mM)  for  two  hours  at  24®  C.  The  reactions  were  initiated 
by  the  addition  of  nonspecific  single  stranded  oligonucleotide  (1  pM)  and 
DNase  I  (0.25  units/pL)  and  allowed  to  proceed  for  10  minutes  at  24®  C.  The 
reactions  were  stopped  by  the  addition  of  calf  thymus  DNA  (0.1  p.M  bp)  and 
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EDTA  (50  mM).  Concentrations  listed  are  final  concentrations.  The  DNA 
was  precipitated  with  ethanol  and  the  cleavage  products  were  analyzed  by  gel 
electrophoresis.  Odd  numbered  lanes  contain  5'  end  labelled  fragment,  even 
numbered  lanes  contain  3'  end  labelled  fragment.  (Lanes  1  and  2)  Intact 
labelled  fragment  in  the  absence  of  oligonucleotide  5  and  DNase  I.  (Lanes  3 
and  4)  Products  of  adenine-spedfic  sequencing  reactions.  ^5  (Lanes  5  and  6) 
DNase  I  deavage  products  in  the  absence  of  oligonucleotide  5.  (Lanes  7  and  8) 
DNase  I  cleavage  products  in  the  presence  of  10  pM  oligonucleotide  5.  (Lanes 
9  and  10)  DNase  I  cleavage  products  in  the  presence  of  1  |iM  oligonucleotide 
5. 


Figure  6  Autoradiogram  of  an  8%  denaturing  polyacrylamide  gel  used  to 
separate  DMS  footprinting  products.  The  reactions  were  carried  out  by 
incubating  oligonucleotide  5  with  the  3'  end  or  5'  end  32p  labelled  Hind 
III/Ssp  I  restriction  fragment  from  plasmid  pPBCRI  [-20,000  cpml  in  a 
solution  of  trisHCl,  pH=7.0  (40  mM),  spermine  (1.5  mM),  NaCl  (5  mM),  MgC^ 
(10  mM),  CaCl2  (10  mM)  for  two  hours  at  24®C.  The  reactions  were  initiated  by 
the  addition  of  dimethylsulfate  (DMS)  (0.2%  v/v)  and  allowed  to  proceed  for 
90  seconds  at  24®C.  The  reactions  were  stopped  as  described  by  Maxam  and 
Gilbert.  The  DNA  was  precipitated  with  ethanol,  redissolved  in  50  pL  10% 
aqueous  piperidine  and  heated  at  90®  C  for  30  min.  Concentrations  listed  are 
final  concentrations.  The  solutions  were  lyophilized  and  the  cleavage 
products  were  analyzed  by  gel  electrophoresis.  Odd  numbered  lanes  contain 
5'  end  labelled  fragment,  even  numbered  lanes  contain  3'  end  labelled 
fragment.  (Lanes  1  and  2)  Intact  labelled  fragment  in  the  absence  of 
oligonucleotide  5  and  DMS.  (Lanes  3  and  4)  Products  of  adenine-specific 
sequencing  reactions.  (Lanes  5  and  6)  Cleavage 'products  generated  in  the 
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presence  of  DMS  in  the  absence  of  oligonucleotide  5.  (Lanes  7  and  8) 
Cleavage  products  generated  in  the  presence  of  DMS  and  10  pM 
oligonucleotide  5.  Arrows  indicate  guanines  in  the  binding  site  not  protected 
by  oligonuceotide  5. 

Figure  7  (A)  Cleavage  pattern  generated  by  oligonucleotide  1.  The  box 
indicates  the  double  stranded  sequence  bound.  Positions  of  the  arrows  show 
the  sites  of  cleavage  and  heights  indicate  extent  of  cleavage  at  that  site.  (B) 
Cleavage  pattern  generated  by  oligonucleotide  2.  (C)  DNase  I  footprint 
generated  by  oligonucleotide  5.  Bases  within  the  brackets  are  protected  from 
cleavage  by  DNase  I.  (D)  Dimethylsulfate  (DMS)  reactivity  within  the  target 
site  bound  by  oligonucleotide  5.  Asterisks  (*)  indicate  bases  within  the 
binding  site  protected  from  methylation  by  DMS.  Arrows  indicate  bases 
within  the  binding  site  which  remain  reactive  to  DMS  upon  binding. 

Figure  8  The  duplex  target  site  present  on  the  639  bp  Hind  in/Ssp  I  restriction 
fragment  from  plasmid  pPBCRII  containing  two  nine-mer  purine  tracts  on 
alternate  strands  joined  at  a  5'-PyPu-3'  junction.  The  double  stranded  region 
bound  in  the  triple  helix  is  boxed.  The  sequences  of  oligonucleotideEDTA's  6- 
12  are  shown,  where  T*  indicates  the  position  of  thymidine-EDTA,  bold  type 
C  indicates  5-methyldeoxycytidine  and  the  underlined  thymidines  indicate 
the  linker  domain. 

Figtue  9  (Left)  Autoradiogram  of  an  8%  denaturing  polyacrylamide  gel  used 
to  separate  affinity  cleavage  products.  The  cleavage  reactions  were  carried  out 
by  combining  a  mixture  of  oligonucleotide-EDTA  (200  nM)  and 
Fe(NH4)2(S04)2*6H20  (500  nM)  with  the  5'  end  32p  labelled  Hind  III/Ssp  I 


restriction  fragment  from  plasmid  pPBCRII  [~15,000  cpm]  in  a  solution  of  tris 
acetate,  pH=7.0  (50  mM),  spermine  (1  mM),  NaCl  (10  mM),  and  calf  thymus 
DNA  (0.1  mM  bp)  and  then  incubating  for  one  hour  at  37"  C.  The  reactions 
were  initiated  by  the  addition  of  dithiothreitol  (DTT)  (4  mM)  and  allowed  to 
proceed  for  18  hours  at  37"  C.  Concentrations  listed  are  final  concentrations. 
The  DNA  was  precipitated  with  ethanol  and  the  cleavage  products  were 
analyzed  by  gel  electrophoresis.  (Lane  1)  Products  of  an  adenine-specific 
sequencing  reaction. (Lane  2)  Intact  5'  labelled  fragment  obtained  after 
incubation  under  the  conditions  of  the  cleavage  reactions  in  the  absence  of 
oligonucleotide-EDTA«Fe(II).  (Lanes  3-9)  DNA  cleavage  products  produced 
by  oligonucleotide-EDTA«Fe(II)  6-11;  10  (lane  3);  11  (lane  4)  10+11  (200  nM 
each)  (lane  5);  6  (lane  6);  7  (lane  7);  8  (lane  8);  9  (lane  9).  (Right)  Sequences  of 
triple  helical  complexes  formed  between  oligonucleotides  8  and  9  and  the  5'- 
(Py)9(Pu)9-3'  target  site. 

Figure  10  Autoradiogram  of  an  8%  denaturing  polyacrylamide  gel  used  to 
separate  DNase  I  footprinting  products.  The  cleavage  reactions  were  carried 
out  by  incubating  oligonucleotide  12  with  the  3’  end  or  5'  end  labelled 
Hind  in/Ssp  I  restriction  fragment  from  plasmid  pPBCRII  [-20,000  cpm]  in  a 
solution  of  trisHQ,  pH=7.0  (40  mM),  spermine  (1.5  mM),  NaCI  (5  mM),  MgCb 
(10  mM),  CaCl2  (10  mM)  for  two  hours  at  24"C.  The  reactions  were  initiated  by 
the  addition  of  nonspecific  single  stranded  oligonucleotide  (1  pM)  and  DNase 
I  (0.25  units/pL)  and  allowed  to  proceed  for  10  minutes  at  24®C.  The  reactions 
were  stopped  by  the  addition  of  calf  thymus  DNA  (0.1  pM  bp)  and  EDTA  (50 
mM).  Concentrations  listed  are  final  concentrations.  The  DNA  was 
precipitated  with  ethanol  and  the  cleavage  products  were  analyzed  by  gel 
electrophoresis.  Odd  numbered  lanes  contain  5'  end  labelled  fragment,  even 
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numbered  lanes  contain  3'  end  labelled  fragment.  (Lanes  1  and  2)  Intact 
labelled  fragment  in  the  absence  of  oligonucleotide  12  and  DNase  I.  (Lanes  3 
and  4)  Products  of  adenine-specific  sequencing  reactions. '5  (Lanes  5  and  6) 
DNase  I  cleavage  products  in  the  absence  of  oligonucleotide  12.  (Lanes  7  and 
8)  DNase  I  cleavage  products  in  the  presence  of  10  pM  oligonucleotide  12. 
(Lanes  9  and  10)  DNase  I  cleavage  products  in  the  presence  of  1  pM 
oligonucleotide  12. 

Figure  11  Autoradiogram  of  an  8%  denaturing  polyacrylamide  gel  used  to 
separate  MPE«Fe  footprinting  products.  The  cleavage  reactions  were  carried 
out  by  incubating  oligonucleotide  12  with  the  3’  end  or  5'  end  labelled 
Hind  in/Ssp  I  restriction  fragment  from  plasmid  pPBCRII  [-20,000  cpm]  in  a 
solution  of  trisHCl,  pH=7.0  (40  mM),  spermine  (1.5  mM),  NaCl  (5  mM),  MgCl2 
(10  mM),  CaCl2  (10  mM)  for  two  hours  at  24°C.  The  reactions  were  initiated  by 
the  addition  of  MPE»Fe  (5  |xM)  and  DTT  (4  mM)  and  allowed  to  proceed  for 
five  minutes  at  24^C.  Concentrations  listed  are  final  concentrations.  The 
reactions  were  stopped  by  precipitation  with  ethanol  and  the  cleavage 
products  were  analyzed  by  gel  electrophoresis.  Odd  numbered  lanes  contain 
5'  end  labelled  fragment,  even  numbered  lanes  contain  3'  end  labelled 
fragment.  (Lanes  I  and  2)  Intact  labelled  fragment  in  the  absence  of 
oligonucleotide  12  and  MPE«Fe.  (Lanes  3  and  4)  Products  of  adenine-specific 
sequencing  reactions.^5  (Lanes  5  and  6)  MPE»Fe  cleavage  products  in  the 
absence  of  oligonucleotide  12.  (Lanes  7  and  8)  MPE»Fe  cleavage  products  in 
the  presence  of  10  pM  oligonucleotide  12.  Bracket  indicates  bases  in  the 
binding  site  hyperreactive  to  MPE*Fe. 
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Figure  12  (A)  Cleavage  pattern  generated  by  oligonucleotide  8.  The  box 
indicates  the  double  stranded  sequence  bound.  Positions  of  the  arrows  show 
the  sites  of  cleavage  and  heights  indicate  extent  of  cleavage  at  that  site.  (B) 
Cleavage  pattern  generated  by  oligonucleotide  9.  (C)  DNase  I  footprint 
generated  by  oligonucleotide  12.  Bases  within  the  brackets  are  protected  from 
cleavage  by  DNase  I.  (D)  MPE«Fe(n)  reactivity  within  the  target  site  bound  by 
oligonucleotide  12.  Arrows  indicate  positions  of  increased  cleavage  upon 
binding.  Arrow  heights  indicate  extent  of  cleavage  at  that  site. 

Figure  13  (Left)  Ribbon  model  depicting  nine-mer  oligonucleotides  binding 
to  adjacent  triple  helix  binding  sites  for  the  sequence  5'-(Pu)9(Py)9-3'.  The  3' 
end  of  one  binding  site  appears  to  overlap  with  the  5'  end  of  the  adjacent  site 
in  the  major  groove.  (Right)  Ribbon  model  depicting  nine  mer 
oligonucleotides  binding  to  adjacent  triple  helix  binding  sites  for  the  sequence 
5'-(Py)9(Pu)9-3'.  No  binding  site  overlap  is  apparent  in  the  major  groove. 
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